I. INTRODUCTION
V OLTAGE Dip/Sag is one of the most concerned power quality issues and as defined by [1] , is a sudden decrease in RMS voltage at the power frequency for durations from 0.5 cycles to 1 minute, reported as the remaining voltage. With the growing number of hi-tech but sensitive devices, this reduction may result in an unexpected stoppage when such sensitive equipment is located in a process-controlled device within an industrial plant. As mitigation plans must be carried out, locating the source of disturbance has to be done as a first step. For these reasons, many techniques have further been developed to identifY the source of voltage dip/sag in power systems.
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Sarath Perera is an Associate Professor at the School of Electrical, Computer and Telecommunication Engineering, University of Wollongong, NSW 2500, Australia (e-mail: sarath@uow.edu.au). fed from a certain feeder in a network. However, due to the fact that assessment of voltage dips/sags requires prior knowledge of the system and is based on stochastic evaluation, the problem of locating voltage sag origin remains uncertain.
Dislurbances Occurs in the system
Many contributions also used different methods to identifY the location of voltage sags origin [ll-19] . Apart from advantages and disadvantages associated with each method, the common feature of these methods are to determine the disturbance origin is located upstream or downstream regarding the measuring point. This approach renders useful information particularly for industrial customers who are interested to identifY responsible party for the voltage sag occurred within their plant. However, it still remains at a disadvantage from the network operator point of view.
Recently, the importance of power quality issues and the reduction in price of meters capable of measuring power quality indices has resulted in research being focused on extending the concept of state estimation techniques into power quality issues. This area of research is called Power Quality State Estimation (PQSE) [20] . This paper, introduces the use of Transient State Estimation (TSE) [21] [22] as one type of PQSE for voltage dip/sag assessment. TSE provides a platform in which particular information of interest about power quality issues including voltage dips/sags can be easily extracted via limited number of measurement points throughout the network.
In essence, TSE is a reverse function of transient simulation (Fig. 1) . While transient simulation is used to analyse the consequences of a disturbance on a power system voltage, current, etc., TSE is exploited to identifY the cause of transient change in system parameters. Therefore, TSE can be used as a valuable tool to identifY type and location of the disturbance in a power system. Section II, describes the methodology for TSE with a brief explanation about how TSE is formulated by means of NIS. SVD as a method of choice is discussed and the observability criteria are addressed. Then, in section III, the implemented algorithm is applied to a distribution system to verifY its performance. Its ability to estimate busbar voltages and thereby location of the source of a voltage dip/sag using nodal mismatch voltage is used as the test. Concluding comments are given in section IV.
II. METHODOLOGY
Transient vanatIons in TSE necessitate a time-domain solution for the system as well as a dynamic formulation to represent system components. Numerical Integrator Substitution (NIS), also known as Dommel's method [23] , has been employed for modelling the system components in time domain for TSE in order to develop the measurement equation.
Dommel's EMTP approach combines the method of characteristics for transmission lines and trapezoidal rule to convert differential equations of system components into algebraic equations involving voltages, currents and past values. This results in a Norton equivalent shown in Fig. 2 for each system component. The conductance (G eif) represents instantaneous term relating the current contribution to the voltage at the present time step. The current source ( I Ris/ory) represents history term which is the contribution to current from the previous time step values:
For a resistance:
For a Capacitor:
For an Inductor:
The power system can be described as a set of interconnected RLC branches. So, time-domain solution for each system component can be written individually using equations (1) -(3). Considering phase to ground voltages (hereafter called nodal voltages) as variables and based on the network topology, the nodal solution is applied to formulate the dynamic model of each system component as well as the entire network. It leads to a coherent nodal system of equations to be solved as follows:
where [G] is the conductance matrix, v(t) is the vector of nodal voltages, iltj is the vector of external current sources and lHistory is the vector current sources representing past history terms. Reference [24] provides comprehensive information on different aspects of system component modelling using this approach.
A. Construction of TSE Problem:
The general form of the state estimation problem can be expressed as equation (3) . "n" is assumed as the number of nodal voltages existing in the system we are looking for and "m" is assumed as the number of measurements taken from the system. z=
where z is a (mx I) vector of measured quantities and x is a (nx will comprise of all zeros except at the position corresponding to the node that was measured (where the entry will be one) or when a branch current measurement will add a row to [R] consisting of all zeros except at the locations associated with the sending and receiving end nodes, which will contain the appropriate conductance entries from the [G] matrix.
To illustrates how relevant entries must be selected for the fundamental electrical circuit elements previously described and the relevant values defined in equations (1) -(3), following cases are considered for an arbitrary taken measurement number "r":
For instantaneous nodal voltage (Vk) measurement:
For instantaneous voltage measurement across R, L or C between nodes k and m:
For instantaneous current measurement through R, Lo r C from sending node m to receiving node k:
Basically, the system is over-determined, determined or under-determined depends on the number of measurements compared to the number of nodal voltages (rank of [RD.
Locating of voltage sag/dip origin leads to an underdetermined system of equations due to the cost of measurement devices capable of measuring PQ issues as well as different ownership of different parts of the system, thus observable and unobservable busbars are expected (partially observable system). In such cases, while most traditional estimation techniques fail, there is a robust approach to solve derived TSE problem.
B. Solution of TSE:
Once the state estimation problem is formed, it should be solved for state variables (nodal voltages). Among the suggested approach to solve the state estimation equation, using Singular Value Decomposition (SVD) is the selected approach in this paper.
1) Singular Value Decomposition (SVD):
The SVD represents the measurement matrix, [H] (mxn), as a product of three matrices as follows:
where U (mxm) and V I (nxn) are orthogonal matrices and W where r is called the residual of the solution [25] .
2) Observability Criteria: Normal equation approach can be applied only when the system is fully observable and hence an inverse of matrix H exists. It requires prior Observability Analysis (OA) is performed to ensure the system is fully observable. However, SVD is able to give reliable answers for some state variables even when the system is partially 3 observable. Moreover, inspection of the singular values and component matrices also gives important information on observability.
Basically, SVD is able to produce an infinite number of solutions that satisfies the equation, expressed by: TSE can be used to determine the location or source of transients in a power system. This can be performed by inspection of nodal mismatch voltage within the observable part of the network. Fig. 3 shows this procedure. Since unexpected fault event is not in the network model, the different between estimated state variables and calculated state variable will lead to voltage mismatch which can be used to identifY the fault/disturbance type and location.
Given the fact that TSE provides time domain estimation, it can be used to assess voltage dip/sag as well as identifYing different cause of voltage sag by inspecting the estimated voltage waveform [26] . However, in this paper, it is assumed that the cause of voltage sag is fault current. The test system is an 1 I kV distribution network taken from Killinchy area, a rural area in south Canterbury, in the South Island of New Zealand. The system consists of a ring of 11 kV overhead lines and the lateral outgoing feeders. Symmetrical measurements are arbitrary placed at points indicated in the network (see Fig. 4) . To consider the measurement noise, 5% measurement noise (normally distributed at all measurement points) was also added to the obtained voltage and current measurements. It should be noted that the number of measurements are 36 (nodes) compared to 48 unknown state variables (nodes). It results in an under-determined estimation problem, hence observable and unobservable busbars are predicted. Using SVD only gives reliable answers for observable nodes. The TSE simulation can be used to determine the location or source of transients in a power system. 
IV. CONCLUSION
Due to the fact that TSE provides time domain estimation it could alternatively be used for many applications in power system in conjunction with signal processing techniques. This is more pronounced with the emerge of smart grids and associated Advanced Metering Infrastructure (AMI) which enables power systems access to a wealth of data that is becoming available. However, as Smart Grids evolves the number of measurements is not likely to be the barrier it once was due to the massive amount of data that is becoming available.
In this paper, the use of TSE for voltage sag/dip assessment using nodal mismatch voltage was discussed. The results clarified the accuracy of the method to identifY the cause of transient occurred in a realistic distribution test system even in presence of measurement noise. More research needs to be done for TSE becoming a commercial tool including refinements to the models further and test it more thoroughly. In particular incorporating travelling-wave transmission line model is important to increase the methods applicability to transmission systems. 
